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Reversible compensatory hypertrophy in transplanted Brown Norway
rat kidneys. Recently we described methods for optimizing the function
of transplanted rat kidneys. In unilaterally nephrectomized recipients,
one week after surgery, the left transplanted kidney was identical to the
right native kidney with respect to wet weight and the clearances of
inulin and para-aminohippuric acid (PAH). The goals of the present
experiments were first, to extend the post-surgery period to three weeks
(sufficient to allow hypertrophic changes), and second, to study func-
tion of transplanted hypertrophied kidneys. Genetically identical
Brown Norway rats were used as donors and recipients. Three weeks
after transplanting a normal kidney into a unilaterally-nephrectomized
recipient, the transplanted kidney had a normal plasma flow and was
identical to the contralateral native kidney with respect to wet weight
and the clearances of inulin and PAH. Three weeks after transplanting
a normal kidney into a bilaterally-nephrectomized recipient, the wet
weight, inulin and PAH clearances, and plasma flow of the transplanted
kidney were all higher than control, and not significantly different from
those observed in unilaterally-nephrectomized control rats. Thus,
transplanted and native kidneys exhibited the same degree of compen-
satory hypertrophy. Hypertrophied donor kidneys (that is, the donor
rat had been unilaterally-nephrectomized three weeks previously) re-
mained hypertrophied in bilaterally-nephrectomized recipients, but in
unilaterally-nephrectomized recipients, they regressed towards normal(that is, the values of wet weight, inulin and PAH clearances, and
plasma flow were significantly less than those in rats with only one
kidney) while the contralateral native kidney remained normal (values
of wet weight and inulin and PAH clearances were not different from
control). Finally, when hypertrophied kidneys were transplanted into
recipients which already had a hypertrophied native kidney, both
transplanted and native kidneys regressed towards normal. The mech-
anisms responsible for these compensatory functional adjustments are
not clear, but it is clear that hypertrophied kidneys do not affect normal
kidneys and that compensatory hypertrophy is reversible in teleologi-
cally appropriate circumstances.
Transplanting rat kidneys is a well-established microsurgical
procedure, and rats with transplanted kidneys have provided
very useful information concerning organ preservation tech-
niques [1, 2], rejection [3—5], immunosuppression [6], the patho-
genesis of diabetes-induced renal injury [7], the role of the
kidney in genetic hypertension [8—15], and the mechanisms of
renal hypertrophy [16—20]. However, in the vast majority of
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these studies, the function of the transplanted kidney received
little or no attention. There are only a few reports by others of
using clearance techniques to directly assess the function of
transplanted rat kidneys [3, 16, 18, 21—24], and without excep-
tion, the clearances of para-aminohippuric acid (PAH) and
inulin or creatinine were subnormal, even when rejection was
avoided by using isogeneic rats as donors and recipients [16,
18]. In the recent experiments of Coffman et al [18] for example,
the inulin clearance of kidneys transplanted into unilaterally-
nephrectomized recipients was about 10% of normal one week
after surgery (0.6 0.1 mI/mm x kg body weight versus 5.3
0.3 mI/mm x kg body weight for one kidney in control rats with
2 intact native kidneys). The inulin clearance of kidneys trans-
planted into bilaterally-nephrectomized recipients was higher in
comparison (5.0 0.7 mI/mm x kg body wt), but still not as
high as the inulin clearance of hypertrophied kidneys in unilat-
erally-nephrectomized control rats (7.4 0.5 mI/mm x kg body
wt). Coffman et a! [18] attributed the reductions in inulin and
PAH clearances to ischemia-induced damage; although the
donor kidneys were flushed with an ice-cold saline solution,
they were not prevented from warming-up during surgery.
Our recently-reported results [25, 26] are in accord with this
interpretation. In our experiments, rejection was avoided either
by using isogeneic Brown Norway rats as donors and recipients
[26] or by injecting cyclosponn A into randomly-bred Sprague-
Dawley recipients [25]. Recipients were unilaterally-nephrecto-
mized; the donor kidneys were flushed with an ice-cold phos-
phate-buffered saline solution containing 200 mM mannitol, and
they were kept ice-cold during anastomosis of the blood ves-
sels. One week after surgery in both strains of rats, the left
transplanted kidney was identical to the right native kidney with
respect to wet weight and the clearances of inulin and PAH.
The first goal of the present studies was to determine if, when
our techniques are used, the transplanted kidneys in unilater-
ally-nephrectomized recipients maintain normal wet weights
and inulin and PAH clearances for up to three weeks post-
surgery. Compensatory renal hypertrophy in unilaterally-ne-
phrectomized rats is complete, or nearly complete, within three
weeks [27]. The second goal was to determine ii kidneys
transplanted into bilaterally-nephrectomized recipients exhibit
compensatory functional hypertrophy to the same extent as
kidneys in unilaterally-nephrectomized control rats. The third
goal was to determine if previously-hypertrophied donor kid-
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neys remain hypertrophied, independently of whether the re-
cipient is bilaterally-nephrectomized, has one normal native
kidney, or has one previously-hypertrophied native kidney.
Immediately after surgery in the latter experimental prepara-
tion, the rat would have a total renal mass and a potential renal
function nearly equivalent to four normal kidneys (hypertro-
phied donor kidney plus hypertrophied native kidney). Does a
hypertrophied kidney remain hypertrophied even if the stimulus
for hypertrophy is eliminated, or is compensatory hypertrophy
reversible? The results of Silber and Malvin [20] suggest that
compensatory hypertrophy is reversible. Four weeks prior to
transplantation, both the eventual donor and recipient rats were
unilaterally-nephrectomized such that each had one hypertro-
phied native kidney at the time of transplantation. Six weeks
after transplantation, both the transplanted and the native
kidneys had decreased back to their original sizes, and the
whole animal creatinine clearance was not significantly greater
than that of a control rat with two native kidneys. However, it
is not known if creatinine clearance decreased, relative to the
pre-transpiant value, in the transplanted kidney, in the native
kidney, or in both, since clearances of the individual kidneys
were not measured.
Methods
Genetically-identical adult male Brown Norway rats, ob-
tained from either Harlan or Charles River, were used as donors
and recipients. They were cared for in accordance with the
Principles of the Guide for the Care and Use of Laboratory
Animals (Department of Health, Education and Welfare No.
NIH 80-23). The rats were housed in a constant temperature
room with a 12 hour light and 12 hour dark cycle, and they had
free access to tap water and to Purina Rodent Chow.
Renal transplantation
The techniques for harvesting and transplanting kidneys were
described in detail previously [261. In brief, donors and recipi-
ents were anesthetized and maintained on a surgical plane of
anesthesia with Na pentobarbital (initial dose —45 mg/kg body
wt, administered via a tail vein). The donor rat was heparinized
(100 mU in 0.1 ml) and the left kidney was removed after it was
flushed with 5 ml of an ice-cold solution (150 mM NaCI, 5 mM
Na phosphate, and 200 mt mannitol at pH 6.4) via the aorta.
The donor kidney was kept in ice-cold flush solution while
preparing the recipient: left nephrectomy leaving segments of
the renal vein and the ureter intact, and also right nephrectomy
in some rats (see groups 2 and 3 below). The donor kidney was
placed on an ice-cold cooling coil during anastomosis of the
vessels: end-to-side of the donor kidney's artery and the
recipient's aorta, and end-to-end of the donor kidney's and the
recipient's renal veins. The vessels were unclamped and the
cooling coil was removed. After performing an end-to-end
anastomosis of the recipient's and the donor kidney's ureters,
the recipients were transfused with 2 ml of heparinized blood
obtained from the donor.
Five groups of rats with transplanted left kidneys were
studied.
Group 1. A normal left kidney was transplanted into a
unilaterally-nephrectomized recipient, and functions of the
transplanted left and native right kidneys were measured three
weeks later. At the time of surgery, donors and recipients were
approximately nine weeks old (body wt 183 8 and 177 7 g,
respectively).
Group 2. A normal left kidney was transplanted into a
bilaterally-nephrectomized recipient, and function of the soli-
tary transplanted left kidney was measured three weeks later.
At the time of surgery, donors and recipients were approxi-
mately nine weeks old (body wt 192 12 and 184 10 g,
respectively).
Group 3. The eventual donors were unilaterally-nephrecto-
mized when they were approximately six weeks old (body wt
117 6 g). Three weeks later, their hypertrophied left kidneys
were transplanted into bilaterally-nephrectomized recipients,
and function of the solitary previously-hypertrophied trans-
planted left kidneys were measured three weeks later. At the
time of transplantation, both donors and recipients were ap-
proximately nine weeks old (body wt 178 9 and 180 9 g,
respectively).
Group 4. The eventual donors were unilaterally-nephrecto-
mized when they were approximately six weeks old (body wt
125 4 g), and three weeks later, their hypertrophied left
kidneys were transplanted into unilaterally-nephrectomized re-
cipients. At this time, both donors and recipients were approx-
imately nine weeks old (body wt 177 6 and 192 6 g,
respectively). Three weeks later, functions of the previously-
hypertrophied transplanted left kidney and the native right
kidney were measured.
Group 5. Both the eventual donors and the eventual recipi-
ents were unilaterally-nephrectomized when they were approx-
imately six weeks old (body wt 118 1 and 118 1 g,
respectively), and three weeks later, the hypertrophied left
kidneys of donors were transplanted into the recipients which
already had hypertrophied right kidneys. At this time, body
weights of donors and recipients were 184 5 and 167 3 g,
respectively. Functions of transplanted left and native right
kidneys were measured three weeks later.
Five groups of control rats complemented the five groups of
experimental rats described above.
Group A. Functions of native left and native right kidneys
were measured when rats were approximately nine weeks old.
Group B. Functions of native left and right kidneys were
measured when rats were approximately twelve weeks old.
Group C. Unilateral nephrectomy was performed when rats
were approximately six weeks old (body wt 139 2 g), and
function of the remaining native left kidney was measured three
weeks later.
Group D. Unilateral nephrectomy was performed when rats
were approximately nine weeks old (body wt 217 4 g), and
function of the remaining native left kidney was measured three
weeks later.
Group E. Unilateral nephrectomy was performed when rats
were approximately six weeks old (body wt 122 6 g), and
function of the remaining native left kidney was measured six
weeks later.
Acute renal clearance studies
Rats were anesthetized with Na pentobarbital (---45 mg/kg
body wt, administered via tail vein). Supplements were given as
required to maintain a surgical plane of anesthesia during the
experiments. The ureter(s), the left renal vein, a jugular vein,
and a femoral artery were cannulated with polyethylene tubing
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Table 1. Body weights, renal ischemia times, plasma Na and K coneentrations, and blood pressures in control and experimental rats
Group (N)
Body weight
grams
Ischemia time
minutes
Plasma Na Plasma K Blood pressure
mm HgmM
Controls
A (8)
B (10)
C (8)
D (8)
E (7)
Experimentals
1(8)
2 (8)
3 (7)
4(8)
5 (6)
202 6
241 6
200 5
262 6
240 10
220 6
234 10
229 9
250 6
232 7
—
—
—
—
—
191 9
203 12
202 10
214 13
198 8
143.8 0.3
142.7 0.4
142.6 0.3
142.8 0.6
141.9 0.4
142.7 0.6
142.9 0.5
142.2 0.6
141.4 0.5
142.2 0.9
4.0 0.1
3.9 0.1
3.8 0.1
3.9 0.1
3.8 0.1
3.9 0.1
3.8 0.1
3.8 0.1
3.9 0.1
3.8 0.1
109 3
118 2
107 4
112 3
112 4
111 498 5
103 5
112 3Ill 4
Data are presented as means SEM. Except for renal ischemia time, the measurements were made at the time of the clearance experiments.
Ischemia time was taken as the time from clamping the renal vessels of the donor to re-establishing renal blood flow in the recipient. See the text
for a description of the various control and experimental groups, and for statistical comparisons of the groups.
as described previously [28]. Except for the brief intervals when
arterial blood was sampled, the arterial cannula was connected
to a pressure transducer and mean arterial pressure was moni-
tored on a polygraph. All rats received a priming i.v. injection
of inulin and PAH (2 mI/kg body wt of 10 g% inulin and 400
mg% PAH dissolved in 150 mrs NaC1), followed by a continu-
ous i.v. infusion of inulin and PAH (0.055 mI/mm of 3.8 g%
inulin and 290 mg% PAH dissolved in 150 mM NaCI). One hour
later, two consecutive 40-minute clearance periods were begun.
Urine was collected in pre-weighed micro test tubes and arterial
and renal venous blood samples ('—0.3 ml total) were collected
at the clearance midpoints. The blood was centrifuged, and
plasma and urine were frozen until analyzed as described
below. Following the clearance experiments, kidneys were
perfusion-fixed with Karnovsky's fixative as previously de-
scribed [25]. Kidneys were sectioned serially in the transverse
plane, and a midpapillary section was processed in paraffin by
standard techniques; 4 s sections were stained with hematox-
ylin and eosin and periodic acid-Schiff with a hematoxylin
counterstain, and evaluated for evidence of rejection and tub-
ulointerstitial injury.
Analyses, calculations, and statistics
Urine and plasma Na and K concentrations were measured
by flame photometry using internal Li standardization. PAH
and inulin concentrations in urine and in plasma filtrates were
determined by spectrophotometry as described previously [28].
Standard formulas were used to calculate the urine flow rates,
the clearances of PAH and inulin, and the Na and K excretory
rates of all kidneys, and the PAH extraction and renal plasma
flow of the left kidneys. Except for PAH extraction, these
parameters were normalized per kg body weight. Values for the
two clearance periods were averaged to obtain single values of
each parameter for each rat, All results are expressed as means
SEMS. As appropriate, paired f-tests and ANOVA with
Scheffe contrasts were used to assess the statistical significance
of differences in means [29]. P values < 0.05 were considered
significant.
Results
Means of body weight, renal ischemia time, plasma Na and K
concentrations, and blood pressure are presented in Table 1.
There were no significant differences in the means of plasma Na
and K concentrations between any of the ten groups of rats.
Also, there were no significant differences in the means of renal
ischemia time between any of the five experimental groups.
Rats in groups A and C were about three weeks younger than
the rats in all other groups, and as expected, the mean body
weights of groups A and C were lower than the means of all
other groups (P < 0.05 maximum). There were small but
significant differences between the groups with respect to
arterial blood pressure; the mean of group 2 was lower than the
means of all other groups except groups 3 and C (P < 0.05
maximum), and the man of group B was higher than the means
of groups 3 and C (P < 0.05 maximum). The reasons for these
differences are not clear.
Means of kidney wet weight are shown in Figure 1. There
were no significant differences between right and left kidneys in
groups A, B, and 1 (paired f-test). Moreover, there were no
significant differences between these three groups with respect
to either the left or the right kidneys (ANOVA). Therefore, in
group 1 (unilaterally-nephrectomized recipients), both the do-
nor kidneys and the contralateral native kidneys maintained
normal weights. As expected, the solitary left kidneys of rats in
groups C, D, and E weighed more than the left kidneys of rats
in groups A and B. Age at the time of unilateral nephrectomy
did not influence the extent of compensatory weight gain during
a three week period since groups C and D were not significantly
different from each other. On the other hand, compensatory
weight gain was not quite complete by the end of three weeks,
since kidney weight in group C (unilaterally-nephrectomized for
three weeks) was slightly, but significantly (P < 0.05), lower
than in group E (unilaterally-nephrectomized for six weeks). In
bilaterally-nephrectomized recipients, solitary transplanted kid-
neys gained as much weight during a three week period as
solitary native kidneys; the mean of the transplanted kidneys in
group 2 was not significantly different from the means of the
native kidneys in groups C and D. Also in bilaterally-nephrec-
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Fig. 1. Kidney wet weights in control rats (A) and experimental rats
(B). Means + 1 SEM. Symbols in (A) control rats are: () native left, ()
native right. Group A: nine weeks old (N = 8). Group B: twelve weeks
old (N = 10). Group C: unilaterally-nephrectomized at six weeks;
measurements three weeks later (N = 8). Group D: unilaterally-
nephrectomized at nine weeks; measurements three weeks later (N =
8). Group E: unilaterally-nephrectomized at six weeks; measurements
six weeks later (N = 7). Symbols in (B) experimental rats are: (0)
transplanted left; () native right. Group I: donors and recipients
(unilaterally-nephrectomized) were approximately nine weeks old at the
time of transplantation; measurements three weeks later (N = 8). Group
2: donors and recipients (bilaterally-nephrectomized) were approxi-
mately nine weeks old at the time of transplantation; measurements
three weeks later (N = 8). Group 3: eventual donors were unilaterally-
nephrectomized at six weeks of age and three weeks later, their
hypertrophied kidneys were transplanted into nine week-old recipients
(bilaterally-nephrectomized); measurements three weeks later (N = 7).
Group 4: eventual donors were unilaterally-nephrectomized at six
weeks of age and three weeks later, their hypertrophied kidneys were
transplanted into nine week-old recipients (unilaterally-nephrecto-
mized); measurements three weeks later (N = 8). Group 5: eventual
donors and recipients were unilaterally-nephrectomized at six weeks of
age and three weeks later, the donor's hypertrophied kidney was
transplanted into a recipient with an already hypertrophied native right
kidney; measurements three weeks later (N = 6). In the upper panel,
the P values are in comparison with groups A and B, left versus left and
right versus right kidneys. In the lower panel, the P values are in
comparison with group 1, left versus left and right versus right kidneys.
See the text for other statistical comparisons.
tomized recipients, previously-hypertrophied donor kidneys
remained hypertrophied; the mean of the transplanted kidneys
in group 3 was not significantly different from the means of the
solitary native kidneys either three weeks (groups C and D) or
six weeks (group E) after unilateral nephrectomy. On the other
hand, previously-hypertrophied donor kidneys lost weight if the
recipient had either a normal or a previously-hypertrophied
contralateral native kidney, since the transplanted kidneys in
groups 4 and 5 weighed less than the solitary transplanted
kidneys in group 3 (P <0.001 maximum). Although the pres-
ence of a hypertrophied donor kidney did not affect the weight
of a normal contralateral native kidney (right kidneys of groups
A, B, 1, and 4 are not significantly different), it decreased the
weight of a previously-hypertrophied contralateral native kid-
ney (right kidney of group 5 vs. solitary native kidneys of
groups C, D, and E, P < 0.0001 maximum).
Inulin and PAH clearances are shown in Figures 2 and 3.
There were no significant paired differences between the left
and right kidneys in groups A, B, and 1, and there were no
0
2
Fig. 2. Glomerularfiltration rate (GFR, in mI/mm x kg body weight) in
control rats (A) and experimental rats (B). Data are: means + 1 SEM.
See the legend to Figure 1 for a description of the groups and the
statistics. Symbols are: () native left; () native right; (0) trans-
planted left.
significant differences between these three groups with respect
to either the left or the right kidneys. Therefore, in group 1
(unilaterally-nephrectomized recipients), both the donor kid-
neys and the contralateral native kidneys had normal clearances
of inulin and PAH. The solitary left kidneys of rats in groups C,
D, and E had higher inulin and PAH clearances than the left
kidneys of rats in groups A and B, and there were no significant
differences between groups C, D and E. It should be noted that
inulin and PAH clearances were normalized per kg body
weight, and that there was a significant difference in body
weight between groups C and E. It follows that, in an absolute
sense, the inulin and PAH clearances of group E slightly
exceeded those of group C. Solitary transplanted kidneys
exhibited functional hypertrophy to the same extent as solitary
native kidneys, since inulin and PAH clearances in group 2
were not significantly different from those in groups D and E. If
the donor kidney was already hypertrophied at the time of
transplantation (group 3), its inulin and PAH clearances were
not significantly different from those of solitary native kidneys
either three weeks (groups C and D) or six weeks after
unilateral nephrectomy (group E). On the other hand, when a
previously-hypertrophied kidney was transplanted into a recip-
ient with either a normal (group 4) or a hypertrophied contra-
lateral native kidney (group 5), its inulin and PAH clearances
were decreased compared with groups 2 and 3 (P < 0.005
maximum) to values that were not significantly different from
those of group 1. In fact the means of left kidney inulin and
PAH clearances in group 5 were actually lower than the means
in group 1, but the differences were not quite significant (P =
0.06). Although the presence of a hypertrophied donor kidney
did not affect the inulin and PAH clearances of a normal
contralateral native kidney (the right kidneys of groups A, B, 1,
and 4 were not significantly different from each other with
respect to inulin and PAH clearances), it decreased the inulin
and PAH clearances of a previously-hypertrophied contralat-
eral native kidney to values that were not significantly different
from normal (the right kidneys of groups A, B, 1, and 5 were not
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Fig. 3. Clearance of PAH (CPAH, in mi/mm x kg body weight) in
control rats (A) and experimental rats (B). Means + 1 SEM. See the
legend to Figure 1 for a description of the groups and the statistics.
Symbols are: () native left; () native right; (8) transplanted left.
significantly different with respect to inulin and PAH clear-
ances).
The left renal vein was successfully catheterized in most of
the rats. Means of% PAT-I extraction in groups A to E and 1 to
5, respectively, were: 85 4 (N = 7), 91 1 (N = 9), 91 I(N= 7),89±2(N=6),89± 2(N=7),89± l(N=7),90±
l(N=8),90± 1(N=7),87
There were no significant differences in PAH extraction be-
tween the groups. Renal plasma flows of these same kidneys
(Fig. 4) exhibited the same pattern as PAH clearance (Fig. 3).
Groups A and B were not different from each other, and groups
C, D, and E were not different from each other but were
different from groups A and B (P < 0.05 maximum). A normal
kidney transplanted into a unilaterally-nephrectomized recipi-
ent exhibited a normal renal plasma flow (group 1 not different
from groups A and B). Normal and previously-hypertrophied
kidneys transplanted into bilaterally-nephrectomized recipients(groups 2 and 3, respectively) exhibited increases in renal
plasma flow that were not different from each other or different
from renal plasma flows in groups C, D, and E. In contrast,
when hypertrophied kidneys were transplanted into rats with a
normal or a hypertrophied contralateral native kidney (groups 4
and 5, respectively), renal plasma flow was decreased in com-
parison with groups C, D, E, 2, and 3 (P <0.01 maximum) to
values that were not significantly different from control groups
A and B and experimental group 1.
The results in Figures 1 to 4 suggested that changes in kidney
wet weight were accompanied by proportionate changes in the
clearances of inulin and PAH and in the renal plasma flow,
except perhaps in groups 4 and 5. In both of these groups, the
wet weights of the previously-hypertrophied kidneys were still
significantly higher than control, but the clearances of inulin
and PAH and the renal plasma flow were not. In order to
examine this issue further, clearance data were calculated on
the basis of kidney wet weight. It can be seen in Table 2 that the
differences between groups A to E and 1 to 4 were small and
usually not statistically significant. In these groups, therefore,
inulin clearance, PAH clearance, and renal plasma flow were
proportional to kidney weight, whether the kidneys were native
Fig. 4. Renal plasmaflow of the left kidney (RPF, in mi/mm X kg body
weight) in control rats (A) and experimental rats (B). Means + 1 SEM.
See the legend to Figure 1 for a description of the groups and the
statistics. Symbols are: () controls; (8) experimentals.
or transplanted, and whether they were one of a pair or solitary,
and therefore hypertrophied. This was clearly not the case for
the previously-hypertrophied left kidneys of group 5; per gram
kidney weight, the values of inulin clearance, PAH clearance,
and renal plasma flow for the left kidney in this group were
significantly lower than the corresponding values for any other
group. Moreover, although the differences were not statistically
significant, the inulin and PAH clearance values for the previ-
ously-hypertrophied right kidney in this group were lower than
the corresponding values for groups A, B, 1, and 4. Collec-
tively, these results indicate that reversal of functional hyper-
trophy is either more rapid or more complete than reversal of
structural hypertrophy.
Renal excretory data are presented in Table 3. All rats
appeared to be similar with respect to salt and water balance in
that total urine flows and total excretory rates of Na and K were
approximately equal in all ten groups, whether rats had only
one kidney (native or transplanted) or two (both native, or one
native and one transplanted). One might have predicted higher
urine flow and Na excretion in transplanted kidneys compared
to intact contralateral native kidneys (the phenomenon of
denervation diuresis and natriuresis). For reasons that are not
clear, this was observed in groups 1 and 4, but not in group 5.
No significant morphological differences were observed be-
tween native and transplanted kidneys except for evidence of
capsular fibrosis and peripelvic inflammation in the latter.
Occasional focal tubulointerstitial infiltrates were observed in
both native and transplanted kidneys.
Discussion
Recently we described methods for optimizing the function of
transplanted rat kidneys [25, 261. Rejection was avoided either
by using genetically-identical Brown Norway rats as donors and
recipients [26] or by using randomly-bred Sprague-Dawley rats
and injecting the recipients with cyclosporin A [25]. The donor
kidneys were flushed with an ice-cold phosphate-buffered saline
solution containing mannitol, and the kidneys were kept ice-
cold during vascular anastomosis. In unilaterally-nephrecto-
mized recipients of both strains of rats, the wet weights and the
A Controls
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Table 2. Clearance data in control and experimental rats (per g kidney wet weight)
GFR mi/mm x g CPAH mi/mm X g RPF mi/mm X g
Group (N) Left Right Left Right Left N
Controls
A (8) 0.75 0.06 0.88 0.08 1.91 0.14 2.16 0.17 2.33 0.30 7
B (10) 0.79 0.06 0.85 0.08 1.99 0.13 2.08 0.17 2.19 0.16 9
C (8) 0.71 0.02 — 1.88 0.04k — 2.04 O.O4 7
D (8) 0.81 0.03 — 2.18 0.10 — 2.45 0.14 6
B (7) 0.70 0.04 — 1.90 0.14 — 2.16 0.17 7
Experimentals
1(8) 0.72 0.05 0.81 0.05 2.01 0.13 2.18 0.10 2.20 0.16 7
2 (8) 0.77 0.06 — 2.28 0.20 — 2.55 0.23 8
3(7) 0.68 0.03 — 2.09 0.08 — 2.33 0.10 7
4(8) 0.74 0.06 0.80 0.10 2.00 0.12 2.02 0.15 2.29 0.09 8
5 (6) 0.45 007b 0.69 0.07 1.28 023b 1.73 0.21 1.45 024b 6
Data are presented as means SEM. See the text for a description of the various control and experimental groups. There were no significant
differences between the groups except: a P < 0.05 versus experimental group 2 and b P < 0.05 versus all other groups.
Table 3. Urine flows (V) and rates of Na and K excretion (UNaV and UKV) in control and experimental rats
V jJImin x kg UNaV, pinol/min x kg UKV .unol/min x kg
Group (N) Left Right Left Right Left Right
Controls
A (8) 37 2 32 2 8.4 0.8 8.3 0.6 5.2 0,3 4.9 0.4
B (10) 29 2 27 2 6.7 0.7 6.6 0.7 4.3 0.3 4.1 0.3
C (8) 66 6 — 15.9 1.8 — 9.6 0.4 —
D (8) 45 4 — 10.0 1.5 — 8.0 0.2 —
E (7) 59 5 — 13.8 1.0 — 8.9 0.5 —
Experimentals
1(8) 34 4 26 2 8.2 1.5 5.4 1.0 5.0 0.4 4.1 0.4
2 (8) 56 7 — 12.6 1.9 — 9.5 0.8 —
3 (7) 58 5 — 11.0 1.2 — 9.2 0.5 —
4 (8) 39 9 22 3 8.9 2.5 3.6 0.7 5.7 0.4 3.2 0.4
5 (6) 22 2 24 2 3.9 0.7 4.7 1.0 3.6 0.5 4.1 0.5
Data are presented as means SEM. The measurements were made at the time of the clearance experiments. See the text for a description of
the various control and experimental groups.
clearances of PAH and inulin of the transplanted kidneys one
week after surgery were virtually identical to those of the native
right kidneys in the same animals. Moreover, PAH extraction
and renal plasma flow of the transplanted kidney were not
significantly different from the control values determined in
animals with two intact native kidneys. Therefore, we found no
evidence of the functional defects characteristic of warm isch-
emia-induced acute renal failure—decreased PAH extraction,
renal plasma flow, and clearances of PAH and inulin. Some of
the present results extend these findings. In experimental group
1, wet weight, PAH and inulin clearances, PAH extraction, and
renal plasma flow of the transplanted kidneys (unilaterally-
nephrectomized recipients) were completely normal three
weeks after transplantation, whether compared with the con-
tralateral native kidneys in the same animals or compared with
the kidneys of control rats of the same age. This observation,
taken together with the observation that compensatory renal
hypertrophy in rats is complete or nearly complete within a
three week period ([27] and groups C to E of present studies),
justifies using rats with transplanted kidneys to study compen-
satory renal hypertrophy.
Others have previously used transplantation to study com-
pensatory renal hypertrophy in rats. Klein and Gittes [16] found
that solitary transplanted kidneys gained weight to the same
extent as solitary native kidneys, but that creatinine clearance
did not increase. Coffman et al [18] found that inulin clearance
of solitary transplanted kidneys was normal in comparison with
inulin clearance per kidney in rats with two intact native
kidneys, but suppressed in comparison with inulin clearance of
solitary native kidneys in unilaterally-nephrectomized controls.
Provoost et al [17] found that kidneys transplanted into bilater-
ally-nephrectomized recipients exhibited functional hypertro-
phy in an absolute sense; the GFR was increased in comparison
with half the GFR or rats with two intact native kidneys, but the
GFR was still not as high as that found in unilaterally-nephrec-
tomized controls. Therefore, our results differ significantly from
these previous results of others, and we believe that differences
in techniques are the explanation. Whereas we completely
avoided warm ischemia during transplantation, others did not.
The results we obtained from group 2 demonstrate that if
normal kidneys are transplanted into bilaterally-nephrecto-
mized recipients, they will hypertrophy to the same extent as
the remaining kidney in a unilaterally-nephrectomized control
rat. In groups 2 and C, the solitary kidneys exhibited virtually
the same increases in weight, in PAH and inulin clearances, and
in renal plasma flows. Moreover, the results we obtained from
group 3 demonstrate that a previously-hypertrophied kidney
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will remain hypertrophied after transplantation, provided that
the recipient is bilaterally-nephrectomized.
Following unilateral nephrectomy in many species including
rats, the remaining kidney hypertrophies, both structurally
(increased size, weight, and contents of DNA, RNA, and
protein) and functionally (increased blood flow, glomerular
filtration rate, and tubular transport of solutes and water). At
least in adults, the structural hypertrophy is due primarily to
true cellular hypertrophy (enlargement of pre-existing cells)
although there is probably also a small component of hyperpla-
sia (increased number of cells). Biochemical changes indicative
of growth of the remaining kidney, such as increased RNA and
protein, are detectable as early as 6 to 24 hours after contralat-
eral nephrectomy, and it is believed that these changes are
triggered, in an as yet unknown manner, by an even earlier
functional change, such as an increase in blood flow and/or
glomerular filtration rate and/or tubular transport processes
[reviewed in 27 and 30]. According to unpublished data cited by
Peters [31], denervation of the remaining kidney does not
interfere with the early functional changes. Our results are
consistent, in that the transplanted and therefore denervated
kidneys in groups 2 and 3 appeared to hypertrophy normally,
and to remain hypertrophied.
Compensatory renal hypertrophy has been studied far more
extensively than the reversal of compensatory renal hypertro-
phy, and if the causal mechanisms of the former remain unclear
[27, 30, 31], those of the latter remain in virtual obscurity.
However, the phenomenon of reversal of compensatory renal
hypertrophy in rats was described in two publications in 1974.
Mitchell, Lee and Gittes [32] reported that hypertrophied
remnant left kidneys (produced by right nephrectomy followed
by infarction of two thirds of the left kidney) regressed in size
following the successful transplantation of a normal kidney.
Furthermore, subsequent removal of the transplanted kidney
was followed by re-growth of the remnant kidney. Silber and
Malvin [20] reported reversal of compensatory hypertrophy in
both native and transplanted rat kidneys. Six weeks after
transplanting a hypertrophied donor kidney into a recipient with
one hypertrophied native kidney, both the transplanted and the
native kidneys decreased in size, and the whole animal creati-
nine clearance was not significantly greater than that of a
control rat with two intact native kidneys. Our results are
consistent with and extend these latter findings, but they shed
no additional light on the mechanisms which are involved.
When a previously-hypertrophied kidney was transplanted into
a recipient with one normal (group 4) or one previously-
hypertrophied native kidney (group 5), the plasma flow and the
clearances of PAH and inulin of the transplanted kidney de-
creased to levels that were not significantly greater than those,
per kidney, in rats with two intact native kidneys. Furthermore,
the PAH and inulin clearances of the previously-hypertrophied
native kidney in group 5were decreased to levels that were not
significantly greater than those, per kidney, in rats with two
intact native kidneys. Therefore, in both transplanted (dener-
vated) and native (innervated) kidneys, the compensatory in-
creases in plasma flow and in PAH and inulin clearances were
completely reversed within a three week period. In contrast,
the wet weights of the previously-hypertrophied kidneys in
groups 4 and 5 were significantly decreased in comparison with
the hypertrophied kidneys in groups 2 and 3, but they were still
significantly increased in comparison with the kidneys in group
1. Thus, reversal of structural hypertrophy seems to lag behind
reversal of functional hypertrophy. Since structural hypertro-
phy probably involves both a large component of cellular
hypertrophy and a small component of cellular hyperplasia,
complete reversion to a normal wet weight might involve
decreases in both cell size and cell number, and the latter
process is likely to be much slower than the former.
In group 4, the previously-hypertrophied transplanted kidney
decreased in weight, plasma flow, and PAH and inulin clear-
ances but the contralateral native kidney maintained normal
values of these parameters. A priori, normal total renal mass
and function could have been achieved equally well in this
group if the previously-hypertrophied kidney had remained
hypertrophied and the previously-normal contralateral native
kidney had decreased in weight and function. It is intriguing
that this did not occur, particularly in view of the "renal
counterbalance" phenomenon [33, 34]. In counterbalance, in-
jury of one kidney results in compensatory hypertrophy of the
contralateral kidney, and once this is established, the hypertro-
phied kidney, by as yet unknown mechanisms, not only sup-
presses any recovery of the injured kidney (despite demonstra-
ble potential for recovery), but also causes it to eventually
atrophy. At present, how a hypertrophied kidney can cause
atrophy of an injured kidney (as in the phenomenon of coun-
terbalance) but not of a normal kidney (as in group 4 of the
present studies) is unclear.
In conclusion, our results are the first to demonstrate that: (a)
kidneys transplanted into unilaterally-nephrectomized rats ex-
hibit normal weight and function three weeks later; (b) kidneys
transplanted into bilaterally-nephrectomized rats exhibit the
same degree of compensatory hypertrophy (increased weight
and function) as the remaining kidney in unilaterally-nephrec-
tomized controls; and (c) compensatory increases in weight and
function are reversed, in both transplanted and native kidneys,
by the presence of a second kidney. The mechanisms of
compensatory renal hypertrophy, and of its reversal, remain to
be clarified.
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